Minicells are small, spherical, anucleate bodies continuously produced during growth of a mutant strain of Escherichia coli K-12, originally isolated and described by Adler et al. (1) . Minicells purified from F-parental cells by sucrose gradient sedimentation contain normal amounts of protein and ribonucleic acid (RNA) but are deficient in deoxyribonucleic acid (DNA) and several enzymes that use DNA as a template or substrate [e.g., DNA-dependent RNA polymerase, DNA methylase, and the photoreactivating enzyme (6) ], and are thus unable to synthesize DNA, RNA, and protein.
Since minicells produced by F-strains are capable of consuming oxygen at a constant rate for up to 72 hr (J. W. Black, Masters Thesis, Univ. of Tennessee, 1967 ) and extracts prepared from F-minicells are capable of synthesizing polyphenylalanine when supplied with polyuridylic acid, an artificial messenger RNA (13) , we hypothesized that such minicells would be able to synthesize RNA and protein in vivo if they could be supplied with DNA and the DNA-dependent RNA polymerase. In the first attempt to supply the transcription apparatus, Cohen et al. (6) demonstrated that single-stranded F and F'lac+ DNA could be transferred to F-minicells by conjugation. Although the single-stranded DNA was converted to double-stranded DNA in the 21 F-minicells that contain DNA polymerase (6) , the minicells were still incapable of synthesizing RNA and protein. These studies indicated that some necessary synthetic component, perhaps the DNA-dependent RNA polymerase, is not transferred with DNA during conjugation. We therefore sought another method of providing minicells with DNA.
Rownd (29) and Kontomichalou et al. (20) have demonstrated that, in some bacterial strains containing plasmids, the number of plasmids per chromosome increases as the culture enters the stationary phase of growth. We thought it important, therefore, to determine whether plasmid DNA, and possibly the associated DNA-dependent RNA polymerase, would be segregated into minicells produced by plasmid-containing strains, and, if so, to test these minicells for DNA, RNA, and protein synthesis.
Several laboratories have recently reported the segregation of DNA into minicells during growth of plasmid-containing strains (17, (18) . Genetic evidence for the segregation of plasmid DNA into minicells produced by plasmid-containing strains has been presented by Levy and Norman (23) and Kass and Yarmo- linsky (19) . They used minicells produced by R+ and F'gal+ strains, respectively, as donors of plasmid genetic markers in conjugal matings between minicells and suitable recipients.
Previous reports from our laboratory (28; Abstract, Genetics 64:s19, 1970; Abstract, Genetics 64:s54, 1970) have presented (i) physical and genetic evidence demonstrating the segregation of plasmid DNA into minicells produced by F+, F', R+, and Col+ strains; (ii) data on the replication of these plasmids in minicells; and (iii) preliminary information on the ability of plasmidcontaining minicells to synthesize RNA and protein. This communication reports data from experiments in which we assessed the ability of plasmid-containing minicells to synthesize RNA and protein and examined the type of RNA synthesized in plasmid-containing minicells. Also presented are results of experiments establishing that the observed synthesis of RNA and protein is actually occurring in the minicells, and demonstrating that plasmid-containing minicells are capable of producing viable phage particles.
MATERIALS AND METHODS
Bacterial strains. The genotypes and sources of the strains used in these experiments are listed in Table 1 . The minicell-producing strain carrying R64-11 was prepared by adding 0.5 ml each of overnight cultures of the R-factor donor and minicell-producing recipient strains to 9.0 ml of L broth (21) . The mixture was incubated for 3 hr at 37 C, and appropriate dilutions were plated onto minimal media (9) 2) was then added, and the mixture was shaken for at least 30 min at room temperature before being centrifuged for 30 min at 10,000 rev/min in the Sorvall SS34 rotor. The aqueous phase was removed, and 2.5 volumes of ethanol was added to precipitate the RNA. After overnight storage at -20 C, the precipitate was collected by centrifugation and dissolved in 0.1 M NaCI. This solution was then dialyzed at 4 C against I M NaCI for at least 2 hr and then against 0.1 M NaCI overnight.
Polyacrylamide gel electrophoresis. The various species of RNA were separated on polyacrylamide gels by the method of Loening (25) . The separations were carried out with a Canalco model 12 electrophoresis apparatus for 100 min (unless otherwise indicated) at 5 ma per gel in glass tubes (10 cm by 6 mm inside diameter). Two milliliters of gel was used per tube, giving a gel length of about 6.7 cm. About two A2601 (absorbancy at 260 nm) units of nonlabeled cellular RNA was used as an optical marker and carrier. The gels were scanned at 260 nm in a Gilford 240 spectrophotometer and then frozen at their original length over dry ice. The frozen gels were sliced into 1-mm transverse sections with a gel slicer (Mickle Laboratory Engineering Co.) Scintillation counting. All radioactive samples except those from the acrylamide gels were placed on Whatman 3MM filter discs and precipitated with cold 10% trichloroacetic acid. Filters containing DNA and RNA were washed twice with 5% cold trichloroacetic acid and twice with 100% ethanol and were then airdried and placed into vials. Approximately 3 ml of 5% (w/v) 2, 5-bis[2-(5-tert-butylbenzoxazolyl)]-thiophene (Packard Instrument Co., Downers Grove, Ill.) in toluene was then added to the vials, and the samples were counted in a Packard TriCarb scintillation spectrometer. Filters with protein samples were treated in the same manner except for the addition of a 30-min wash in 10% trichloroacetic acid at 85 C before the 5% cold trichloroacetic acid and ethanol washes. Gel samples 23 VOL. 107, 1971 ROOZEN, FENWICK, AND CURTISS were prepared for counting by the technique of Weinberg and Penman (35) .
T4 bacteriophage infection. The production of bacteriophage was monitored by a modification of the onestep growth experiment of Ellis and Delbruck (12) . Cells taken from the pellet of the first sucrose gradient and purified minicells were suspended in L broth at an A.20 of 0.2. Where indicated, the minicell preparation was incubated at 37 C for 90 min in the presence of 50 ug of ampicillin per ml to further reduce the level of cell contamination. At 10 min after the addition of ferrous cyanide to a concentration of 10-2 M, phage T4 was added at multiplicities of infection ranging from 0.4 to 2.1. After allowing 15 min for adsorption, a sample of the culture was diluted into T4 antiserum. Dilutions of each culture to concentrations convenient for sampling were carried out for 5 min after the addition of antiserum. Phage titers were determined by the soft agar overlay technique with E. coli B used as the indicator strain. All incubations were carried out at 37 C. The analytical sucrose gradient and fractionation techniques have been described previously (28) .
Electron microscope autoradiography. Purified minicell preparations were suspended to an A620 of 0.2 in mineral salts supplemented with 0.5% glucose, thiamine, and a mixture of unlabeled amino acids. Leucine was not included in the amino acid mixture. The appropriate radioactive precursor was then added to a concentration of 25 ,Ci/ml, and the suspension was incubated for 60 min at 37 C. After incubation, the minicell preparations were washed three times in BSG containing 2 mg of unlabeled leucine and uridine per ml and stored in 1% Formalin. Electron microscope autoradiographs were prepared with Ilford L-4 (Ilford Ltd., Essex, England) emulsion as described by Caro (4) (Fig. I B) .
Rifampin has been shown to inhibit the incorporation of radioactive RNA precursors into acid-insoluble material by inhibiting the initiation of RNA synthesis (32) . To show that this finding extends to the strains used in our experiments, we compared the incorporation of [3H]-uridine in the presence and absence of rifampin (Fig. IA) . The low initial incorporation of the labeled precursor can be attributed in part to the presence of RNA molecules whose synthesis was initiated before the addition of the antibiotic. As shown in Fig. I B and C, the presence of rifampin in the incubation mixture reduced the incorporation of [3Hjuridine into minicells containing R64-11 and Col trp+ to the background level observed in F-minicells without rifampin. This antibiotic has no effect on the level of incorporation in F-minicells (Fig. I B) . labeled amino acids into such material (Fig. 2B and C) at a rate similar to that of X925 cells ( Fig. 2A ), although at a lower level. In the presence of chloramphenicol, incorporation by the plasmid-containing minicells is reduced to the level of F-minicells ( Fig. 2B and C) . Our results also indicate that cAMP, which has been shown to stimulate synthesis of several inducible enzymes in E. coli but not to affect total RNA and protein synthesis (27) , has no effect on plasmidcontaining minicells (Fig. 2B and C) . After 10 min ofpreincubation at 37 C, the labeled precursor was added to I uCi/ml, and samples were taken at intervals to measure the amount of hot acid-insoluble radioactive material. Where indicated, cyclic 3 Interestingly, the presence of rifampin in the incubation media with plasmid-containing minicells prevents the incorporation of both RNA ( Fig. lB and C) and protein ( Fig. 2B and C) Fig. 3A and B, respectively. Preincubation of the cell and minicell preparations reduced the viable cell titer by factors of 1,000 and 100, respectively. Although the level of [3H]uridine incorporation in the cell fraction was greatly reduced by ampicillin treatment (Fig. 3A) , the level of incorporation in the minicell fraction was unaffected by this treatment (Fig. 3B) . This result supports our conclusion that plasmid-containing minicells have significant RNA-synthesizing capabilities.
Similar experiments were conducted to assess the effect of ampicillin treatment on protein synthesis in cell and minicell preparations (Fig. 3C  and D) . Again, treatment of cell preparations with ampicillin greatly reduced the level of [3H]-leucine incorporation into protein (Fig. 3C) Fig. 4B and D) . A large portion of the radioactively labeled RNA from plasmid-containing minicells migrates as heterodisperse RNA in the region between 6 and 16S, as expected for messenger RNA. There is no detectable peak of labeled RNA in the 16 or 23S regions, which supports the hypothesis that contaminating cells are not contributing significantly to the RNA synthesis observed in our experiments.
We examined the rapidly migrating 4 to 5S material more carefully by electrophoresis on 5% polyacrylamide gels. As seen in Fig. SA containing R64-11 (Fig. SC) has the peak that migrates slightly faster than the 4S optical marker but lacks the peak migrating faster than the 5S marker.
To make sure that the peaks of the minicell RNA described above actually migrate faster than the marker and that their positions were not due to an artifact of the freezing and slicing of the gels, we coelectrophoresed the [3H]uridinelabeled minicell RNA with [14C]uridine-labeled cellular RNA. Our findings showed that the relative positions of the peaks were the same as when the optical marker was used.
Since in polyacrylamide gel electrophoresis the distance migrated is proportional to either the molecular weight or S value of the RNA (24), one can estimate these parameters by comparison with a standard. When the mobilities of the RNA peaks relative to the 4S optical marker are plotted against S value and molecular weight (Fig. 6) , the fast-moving peak of each of the three RNA preparations analyzed has a mobility equivalent to about 3.8S, or a molecular weight of 22,000 daltons. These values are slightly lower than the average values usually cited for transfer RNA molecules (3) . In the RNA profiles from Col factor-containing minicells, the peak that migrates faster than 5S material has a value of 4.68, or about 34,000 daltons. The RNA from minicells containing R64-11 is of interest because of the well-defined peaks that migrate between the 5 and 168 markers (Fig. 5C) . The average S values of these two peaks, which were determined from the plot in Fig. 6 , are 6.4 and 8.6-which correspond to molecular weights of 73,000 and 125,000 daltons, respectively. Longer electrophoresis of these peaks on 5% gels resolves each into at least two components (see Fig. 5C , insert). These results suggest that a major portion of the RNA synthesized in minicells is a heterodisperse RNA and that, as expected, the ribosomal RNA genes are not available for transcription.
Production of viable T4 phage by plasmid-containing minicells. To determine whether the synthetic activities of plasmid-containing minicells result in a biologically functional product, we examined the ability of the minicells to produce viable T4 phage. Cell and minicell preparations were infected at low multiplicities with T4 phage and then assayed for infective centers and viable phage production. The results of seVeral experiments with cells and F-, R+, and Col trp+ minicells are summarized in Table 2 . From these results one can see that the infection of a culture of X925 yielded a normal amount of progeny per infective center, whereas similar cells removed from the pellet of the first sucrose gradient yielded a much lower number of progeny phage after infection. This indicated that purification of cells on sucrose gradients was somewhat deleterious to phage production. T4 infection of minicell preparations from F-parents resulted in a low number of infective centers, but no significant change in the viable phage titer during the incubation period was observed. On the other hand, minicells derived from R+ or Col+ parents showed a higher number of infective centers when infected with T4 and a 9-to 36-fold increase in viable phage titer after incubation. Although the burst size is small, one must keep in mind that minicells are much smaller than normal E. coli cells and are isolated by sucrose gradient centrifugation, which appears to lower the burst size in the control experiments. Possible explanations for the low infectivity observed will be discussed later in this communication.
To show that the phage are being produced in the minicells and not in the few contaminating cells, we infected a purified minicell preparation with T4 and then layered the preparation onto a 5 to 20% sucrose density gradient. The gradient was then spun, and fractions were collected and assayed for viable phage titer. The peaks for infective centers and final phage titers coincided with the optical density peak for the slowly sedimenting minicells, indicating that the T4 is produced by material sedimenting as minicells in the sucrose gradient. 
DISCUSSION
Minicells are a potentially useful system for studying a variety of cellular processes. Our demonstration that plasmid-containing minicells are capable of synthesizing RNA and protein should greatly enhance the value of minicells as an investigative tool. That the de novo macromolecular synthesis we observed in these experiments is a property of the plasmid-containing minicells and not the result of contaminating cells is shown in Fig. I to 4 . The ability of these minicells to produce viable T4 bacteriophage after infection (Table 2) is taken as an indication that their synthetic activities are of biological interest.
Minicells produced by F-parents are deficient in DNA (1), and lysates prepared from these minicells show little DNA-dependent RNA polymerase activity (6), whereas minicells produced by plasmid-infected parents contain DNA and are capable of RNA synthesis. It therefore appears that the DNA-dependent RNA polymerase "segregates" with its substrate into minicells. The absence of this enzyme in F-minicells and its presence in plasmid-containing minicells suggests some compartmentalization of enzymes within the cytoplasm of E. coli. Several other enzymes that use DNA as a substrate (i.e., DNA methylase and the photoreactivating enzyme) have also been shown to be absent in F-minicells (see reference 6). The presence of these enzymes in plasmid-containing minicells is under investigation.
In addition to the properties already described, the minicell system has a number of unusual characteristics that might have some bearing on its usefulness as an experimental tool. Several of these are discussed below. In an earlier paper from this laboratory (28) , it was reported that DNA is also segregated into minicells produced by F+-and F'-containing strains and that the minicells produced by cells carrying F' KLF-I or F'lac+ are efficient donors of the plasmid markers in conjugation experiments. In these experiments, 10 to 20% of the minicells from F' cultures were capable of conjugal transfer of the F' to normal F-strains. Similar genetic results were reported by Kass and Yarmolinsky (19) (28) .
Minicells isolated from cultures of R+ and Col+ strains in the log phase of growth are less productive in terms of RNA and protein syntheses than minicells isolated from cultures in the stationary phase of growth. A point bearing on this observation is the unanswered question about the proportion of minicells that contain plasmid DNA in minicells produced at various times during the growth of a culture. Another factor that could be important in the lower RNA and protein-synthesizing capabilities of minicells isolated from log-phase cultures is the considerably higher activity of ribonuclease I in minicell extracts prepared from log-phase cultures compared to those prepared from stationary-phase cultures (Heppel, cited reference in 13). Fralick et al. (13) used this argument to explain why the concentration of polyuridylic acid required to direct polyphenylalinine synthesis in minicell extracts prepared from log-phase cultures is higher than that for extracts from stationary phase-cultures. Another difference between minicells from log-phase and stationary-phase cultures is that the level of contaminating parental cells in purified minicell preparations obtained from logphase cultures is usually 10-to 100-fold higher than in preparations obtained from stationaryphase cultures.
We have also observed, but not extensively investigated, apparent differences in the ability of plasmid-containing minicells to synthesize macromolecules, depending on the method of isolation. As 107, 1971 cytosine and the subsequent incorporation of cytosine into the transfer RNA molecule during the rapid turnover of the terminal nucleotides of the transfer RNA molecule. Similarly, studies are also in progress to determine the significance of the 4.6S RNA species observed in RNA synthesized in Col-factor-containing minicells. The observation that RNA from some minicell preparations that migrates as heterodisperse RNA can be resolved into definite peaks suggests that it may be possible to isolate specific messenger RNA species from plasmid-containing minicells.
In conclusion, it appears that plasmid-containing minicells are capable of synthesizing DNA, RNA, and protein and will therefore provide a valuable system for studying replication, transcription, or translation.
